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INTRODUCTION 


Cryogenically  cooled  Fourier  transform  spectrometers 
are  valuable  tools  for  performing  spectral  measurements  of 
weak  or  low  temperature  infrared  emitting  sources.  In  recent 
years,  cooled  FTS  systems  have  been  developed  for  laboratory 
measurements  and  for  atmospheric  and  planetary  studies.  They 
have  been  developed  for  use  on  rockets,  balloons,  aircraft, 
satellites,  and  the  ground. 

The  high  sensitivities  which  are  characteristic  of  these 
cooled  spectrometers  make  it  possible  to  perform  studies 
which  would  otherwise  be  impossible  or  impractical.  Some 
typical  and  potential  uses  of  the  instruments  include  the 
following:  (1)  Measurements  of  upper  atmospheric  chemi¬ 

luminescence  from  airglow  and  aurora;  (2)  measurements  of 
emissions  generated  in  laboratory  simulations  of  the  atmos¬ 
phere  and  other  weak  sources;  (3)  background  studies  of  the 
atmosphere  in  window  regions;  and  (4)  measurements  of  the 
atmosphere  and  surface  of  planets,  etc. 

In  this  paper,  some  of  the  advantages  and  limitations  of 
cooling  an  FTS  are  reviewed.  Some  practical  cooling  techniques 
are  discussed  and  some  descriptions  of  cooiable  Michelson 
interferometer-spectrometers  that  have  been  developed  or  used 
by  Utah  State  University  and  the  Air  Force  Geophysics 
Laboratory  are  presented.  Also,  a  minimal  amount  of  atmospheric 
measurement  data  will  be  presented  to  illustrate  actual 
sensitivities  obtained  with  the  developed  instruments. 

ADVANTAGES  AND  LIMITATIONS 

Three  major  advantages  of  cooling  the  optics,  the  detector, 
and  the  associated  mounting  structures  of  an  infrared  FTS  are: 

(1)  Improved  sensitivity  of  the  detector  resulting  in  improved 
sensitivity  of  the  spectrometer;  (2)  elimination  or  reduction 
of  unwanted  background  signals  from  instrument  self-emissions; 


imamm 
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and  (3)  stabilized  optical  alignment  characteristics  due  to 
temperature  stabilization.  Each  of  these  advantages  is 
briefly  evaluated  herein  and  some  associated  limitations  or 
considerations  are  given. 

Sensitivity  Considerations 

The  noise  equivalent  spectral  radiance  (NESR)  of  an  FTS 
which  characterizes  its  sensitivity  can  be  expressed  as 

NESR  - - — - r-w/cm2sr  cm-1,  (1) 

A  ft  Act  r,  ts 

s 

where  A  is  the  collecting  area,  Q  is  the  solid  angle  field  of 
view,  Ac  is  the  spectral  lesolution  in  cm-*,  ns  is  the  total 
efficiency  of  the  spectrometer,  and  t  is  the  measurement  time 
in  seconds.  An  equivalent  expression  for  a  standard  Michelson 
interferometer -spectrometer  is 

NESR  = — j - i-1/1 - (2) 

D  tt  Ao  D  n  (IT  A  Ac  t )* 
os  s 

where  D  is  the  diameter  of  the  optics,  A  is  the  shortest 

w  O 

wavelength  of  interest  in  centimeters,  f/#  is  the  focal  length 

divided  by  the  diameter  of  the  detector  collecting  optics, 

★ 

and  D  is  the  detectivity  figure  of  merit  of  the  infrared 

detector  in  cm  (riz)  /watt.  From  Equations  (i)  and  (2),  it 

is  apparent  that  the  NESR  of  the  spectrometer  is  proportional 

to  the  NEP  of  the  detector  or  inversely  proportional  to  the 
* 

D  of  the  detector.  Thus,  as  expected,  the  sensitivity  of  a 

* 

spectrometer  can  be  improved  by  increasing  the  D  of  its 
detector. 

it 

The  D  of  most  state-of-the-art  photon  detectors  can  be 
significantly  increased  by  cooling  the  background  around  them. 
To  understand  the  magnitude  of  this  improvement,  it  is 
worthwhile  to  consider  the  characteristics  of  an  idealistic 


6 


photon  detector  which  is  free  from  noise  except  for  the  noise 
generated  by  the  random  arrival  of  photons.  As  explained  by 
Hudson  [1969]  and  Huppi  [1977],  the  theoretical  D  of  an 
ideal  photon  detector  is  given  by 


D 


cm  (Hz)  ** 
W 


(3) 


where  is  a  constant  equal  to  n/2  for  photovoltaic  detectors 

and  1  for  photoconductive  detectors,  X  is  the  wavelength  in 

-34  2 

micrometers,  h  is  Planck's  constant  (6.625  x  10  W  sec  ), 

14 

c  is  the  velocity  of  light  (3  x  10  ym/sec) ,  n  is  the  detector's 

quantum  efficiency  ranging  from  0  to  1,  and  Q,  is  the  total 

D  2 

photon  flux  density  falling  on  the  detector  (photons/cm  sec) . 

•k 

Thus,  for  the  idealized  detector,  the  D  is  limited  by  the 
flux  density  (Qb)  of  the  background  seen  by  the  detector.  If 
the  detector  views  a  blackbody  background  of  known  temperature, 
then  Qb  as  a  function  of  detector  cutoff  wavelength,  Ac,  and 
temperature,  T,  is  given  by 


Qb(VT) 


) 

=  f 


2  TTC  X  10 
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A  exp  (Hc/AkT)-l 


dA  . 


(4) 


Using  this  equation,  the  plot  shown  in  Figure  1  was  generated 
to  illustrate  reductions  in  0.  which  are  obtainable  under 

p 

reduced  temperature  conditions.  For  example,  when  a  blackbody 

background  seen  by  a  detector  with  a  5  ym  cutoff  wavelength  is 

cooled  from  300°K  to  80°K,  the  radiant  photon  emittance  is 

reduced  from  1016  to  104  photons/sec  cm^.  Theoretically, 

* 

Equation  (3)  would  predict  this  to  increase  the  D  of  the 
detector  by  (lO-1  or  10  ,  and  from  Equation  (2)  it  is  apparent 
that  the  NESR  of  a  spectrometer  would  be  reduced  by  10^;  or 

r-t  .  . 

in  other  words,  the  instrument  would  be  10  times  as  sensitive. 


7 


15  2  3  4  5  6  7  8  9  10  15  20  30 

wavelength  (Micrometers) 


Blackgody  radiant  photon  emittance  versus 
cutoff  wavelength  for  various  temperatures 


* 

In  practice,  the  D  of  a  detector  is  limited  to  a  value 
less  than  the  theoretical  maximum  described  by  Equation  (3) . 
As  the  noise  due  to  background  photons  is  reduced,  other 
sources  of  noise  become  significant  and  dominant.  Once  these 
other  noises  dominate,  no  increase  in  sensitivity  is  obtained 
with  further  cooling  of  the  background.  To  gain  an  under¬ 
standing  of  this  effect,  consider  the  total  noise  current  of 
a  detector  and  preamplifier  which  is 


i  = 
n 


(i 


2 

background  noise 


+ 


i2  ..  +  iV 

source  noise  o 


(5) 


or,  equivalently 

i  =  (n  N,  2  BW  e2  +  n  N„  2  BW  e2  +  i2)*5 
n  b  s  o 


(6) 


where  Nfa  and  Ng  are  the  number  of  photons  per  second  striking 
the  detector  from  the  background  and  source  respectively,  BW 
is  the  electric  bandwidth,  e  is  the  charge  of  an  electron, 
n  is  the  quantum  efficiency  of  the  detector  and  i  is  a  noise 
current  generated  from  all  sources  of  excess  noise  such  as 
Johnson  noise,  1/f  noise,  preamplifier  noise,  etc.  As  an 
infrared  FTS  is  cooled,  the  background  noise  terms  of  Equations 
(5)  and  (6)  become  insignificant  and  one  or  both  of  the  other 
two  noise  sources  will  dominate.  If  the  source  is  sufficiently 
weak,  then  the  noise  is  likely  to  be  dominated  by  the  excess 
noise  terms,  and  the  detectors,  signal-to-noise  ratio  is 
directly  proportional  to  the  number  of  source  photons.  The 
ratio  can  be  expressed  as 


S/N 


n  Ns  e 


(7) 


where  i  is  the  signal  current  generated  from  the  source  photons, 
s 

Under  these  conditions,  the  noise  is  independent  of  the  signal, 
and  the  noise  is  set  by  the  internal  characteristics  of  the 
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detector  and  preamplifier  components.  The  "multiplex  advan¬ 
tage"  of  an  FTS  interferometer  is  typically  a  useful  charac¬ 
teristic  under  these  conditions  provided  proper  electrical 
processing  and  filtering  is  used.  If  the  source  is  sufficiently 
intense,  the  noise  is  dominated  by  the  random  arrival  of  source 
photons  and  the  signal-to-noise  ratio  is  given  by 


i 

S/N  =  y5- 
n 


(2  3W)*5 


(8) 


The  signal-to-noise  ratio  is  no  longer  directly  proportional 
to  the  source  photons.  It  is  only  proportional  to  the  square 
root  of  the  source  photons.  Under  these  source  noise  limited 
conditions,  a  Michelson  FTS  can  very  easily  lose  the  effective¬ 
ness  of  its  multiplex  advantage  since  the  noise  at  each  wave¬ 
length  is  dependent  on  the  total  photons  falling  on  the 
detector  from  all  source  emissions  within  the  entire  free 
spectral  range  of  the  interferometer.  For  example,  the 
"multiplex  advantage"  definitely  becomes  a  disadvantage  for 
measurements  of  weak  spectral  features  if  there  are  other 
strong  emitters  in  the  free  spectral  range  of  the  instrument 
which  dominate  the  noise.  For  some  of  these  types  of  measure¬ 
ments,  a  large  throughput,  cryogenically  cooled,  sequential 
scanning  spectrometer  can  often  be  used  more  effectively  than 
an  FT  interferometer-spectrometer. 

Additional  detector-related  complications  often  occur  in 
cryogenically  cooled  FT-IR  interferometer-spectrometer  appli¬ 
cations.  Many  detectors  operating  in  cold  background  conditions 
develop  nonlinear  and  other  undesirable  characteristics  which 
must  be  considered.  It  is  often  necessary  to  accept  lower 
sensitivities  to  avoid  these  characteristics.  A  typical 
example  of  a  nonlinearity,  which  occurs  in  many  doped, 
extrinsic  silicon  detectors  (Si:XX),  is  illustrated  in  Figure  2. 
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Figure  2.  Theoretical  photoconductive  gain  character¬ 
istics  of  an  Si:As  detector  as  a  function  of 
bias  voltage  and.  frequency. 
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Figure  3.  Detector  responsivity  as  a  function  of 

frequency  for  different  input  photon  flux 
levels. 


As  shown,  the  photoconductive  gain  of  the  detector  is 
characterized  by  a  single  short  time  constant,  t  ,  if  the 
bias  voltage  is  below  V^.  However,  if  the  bias  voltage  is 
increased  above  V. ,  the  photoconductive  gain  is  enhanced  at 
frequencies  below  t ,  and  the  photoconductive  gain  is 
characterized  by  two  time  constants,  tq  and  r  .  Williams  [1969] 
points  out  that  this  low  frequency  enhancement  originates 
from  space-charge  relaxation  which  is  commonly  referred  to  as 
dielectric  relaxation.  In  addition  to  being  bias  dependent, 
the  time  constant  which  characterized  the  dielectric-relaxation 
enhancement  is  dependent  on  the  incident  photon  flux  level. 

As  shown  in  Figure  3,  the  photoconductive  gain  response  varies 
instantaneously  with  flux  changes.  Increasing  the  photon  flux 
from  to  Qfi2  increases  the  frequency  where  the  enhancement 
occurs.  If  an  FT  interferometer-spectrometer  is  designed  to 
operate  at  frequencies  around  this  dielectric  enhancement 
region,  several  potential  problems  could  occur.  First,  since 
the  frequency  response  of  the  detector  varies  instantaneously 
with  input  flux,  the  instrument  becomes  almost  impossible  to 
calibrate.  Secondly,  if  harmonic  distortions  are  generated, 
from  this  instantaneously  changing  response  during  a  source 
measurement , erroneous  spectral  features  will  occur  in  the 
measured  spectra.  As  indicated  in  Figure  2,  the  problem  can 
be  avoided  by  reducing  the  bias  voltage  below  .  However,  in 
actual  practice  the  photo-conductive  gain  must  be  decreased  to 
about  .3  instead  of  the  theoretical  value  of  .5  shown  in 
Figure  2.  In  addition  to  eliminating  the  nonlinearity  problems, 
this  bias  reduction  also  reduces  or  eliminates  noise  from 
"spiking"  which  is  another  undesirable  characteristic  of  the 
detector  that  occurs  under  low  background  conditions.  The 
negative  aspect  of  the  bias  reduction  is  the  corresponding 
limitation  placed  on  the  sensitivity  which  forces  the  operation 
of  an  FTS  to  be  lower  than  would  commonly  be  predicted. 
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Background  Reduction 


Cooling  an  FT-IR  interferometer-spectrometer  reduces 
unwanted  background  signals  from  instrument  self-emissions. 

If  the  instrument  is  cooled  to  a  low  enough  temperature,  the 
self-emissions  can  be  made  negligible  relative  to  the  noise 
level  of  the  instrument.  Under  these  conditions,  measurements 
can  be  made  and  the  calibration  of  the  instrument  can  be 
performed  easily  and  reliably,  since  there  is  no  background 
signal  from  the  instrument  that  needs  to  be  subtracted  from 
the  measured  signal.  Typically,  this  background  reduction  also 
reduces  the  dynamic  range  requirements  of  the  signal  processing 
equipment.  On  the  other  hand,  calibrations  and  measurements 
made  with  an  uncooled  or  partially  cooled  instrument  can  be 
complicated  if  the  signals  are  weak  enough  to  require  conti¬ 
nuous  subtraction  of  the  instrumental  self-emissions. 

The  magnitude  of  the  self-emission  background  problem  can 
be  understood  by  considering  the  spectral  emission  characteris¬ 
tics  of  a  blackbody  at  various  temperatures  as  shown  in  Figure 
4.  The  blackbody  curves  can  be  used  as  guidelines  since  they 
give  the  maximum  possible  background  from  self-emissions  of  the 
instrument.  Actual  instrument  emissions  are  typically  lower 
than  these  blackbody  emissions  because  their  effective  emissi- 
vity  is  considerably  less  than  the  emissivity  of  a  blackbody. 

As  shown  in  Figure  4,  it  would  be  difficult  to  measure  a  source 

-9  2 

having  a  radiance  of  less  than  10  W/cm  sr  urn  at  any  wave¬ 
length  between  5  and  31  ym  with  an  instrument  operating  at 
300°K  since  the  blackbody  emissions  are  more  than  5  orders  of 
magnitude  larger  than  tne  source  emissions.  Thus,  even  if 
the  effective  emissivity  of  the  instrument  is  .01  the  unwanted 
background  spectral  emissions  would  be  more  than  3  orders  of 
magnitude  above  the  signal.  However,  if  the  instrument  is 
cooled  to  approximately  10°K,  which  is  easily  accomplished 

with  liquid  helium,  the  unwanted  self-emissions  of  the  instru- 

-9  2 

ment  become  insignificant  relative  to  the  10  W/cm  sr  ym 
signal. 
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BLACKBODY  SPECTRAL  RADIANCE 


There  are  several  techniques  that  have  been  developed  to 
reduce,  eliminate,  or  remove  the  unwanted  self-emission  back¬ 
grounds  from  the  source  signal  of  a  spectrometer  without 
cooling  it.  For  example,  the  instrument  background  can  be 
substantially  reduced  by  employing  low  emissivity  mirrors, 
anti-reflection  coated  optics,  optical  systems  which  image 
cold  detectors  back  upon  themselves,  and  spectral  band-limiting 
cold  filters.  The  unwanted  background  can  be  further  removed 
through  the  use  of  cold  reference  sources  as  summarized  by 
Huppi  [1977],  However,  these  cold  reference  subtraction 
techniques  are  not  always  simple  to  perform  and  they  often  give 
less  than  satisfactory  results.  Thus,  considering  the  cryogenic 
technology  which  has  been  recently  developed  and  successfully 
used  by  USD,  AFGL  and  others,  it  is  probably  as  simple  and  it 
is  definitely  better  to  reduce  the  background  self-emissions 
of  an  infrared,  interferometer-spectrometer  by  cooling  the 
entire  instrument. 

Optical  Alignment  Stabilization 

Cryogenically  cooling  an  FT-IR  interferometer-spectrometer 
with  a  properly  designed  dewar  and  mounting  system  stabilizes 
its  operating  temperature.  The  stabilized  temperature  elim¬ 
inates  unwanted  movements  of  the  optical  components  due  to 
thermal  expansions  and  contractions.  As  a  result,  the  optical 
components  which  form  the  interferometer  stay  in  very  good 
alignment  while  the  instrument  remains  cold,  and  a  very  stable 
response  is  produced. 

Tests  on  a  Michelson  interferometer-spectrometer  similar 
in  design  to  the  one  used  in  DNA's  EXCEDE  program  [Kemp  and 
Huppi,  1980]  indicate  that  the  response  of  a  spectrometer  can 
remain  constant  within  *1%  over  several  days  if  it  is  kept 
continuously  cold.  Thus,  the  periodic  need  to  calibrate  an 
interferometer  throughout  a  measurement  sequence  can  be  avoided. 
This  can  be  of  significant  importance  when  it  is  desirable  to 
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make  very  accurate  comparisons  between  spectra  taken  in  a 
measurement  sequence  which  extends  over  a  period  of  time. 

Cooling  an  interferometer-spectrometer  strictly  to  gain 
alignment  stability  is  probably  not  justifiable  in  most  cases, 
but  it  is  a  nice  improvement  which  adds  to  the  advantages  of 
cryogenically  cooled  FTS  systems. 

INSTRUMENTATION  DESCRIPTIONS  AND  MEASUREMENT  EXAMPLES 

A  number  of  cryogenic  FT-IR  Michelson  interferometer- 
spectrometers  have  been  developed  and  operated  by  USU  and  AFGL. 
Three  different  types  of  mirror-drive  mechanisms  have  been 
used  in  these  instruments,  and  examples  of  each  are  presented 
in  this  section. 

Interferometer  Incorporating  Flex  Pivot  Drive  System 

A  pictorial  view  of  a  very  compact  Michelson  interferometer 
modulator  cube  and  drive  mechanism  is  shown  in  Figure  5.  The 
unit  has  been  cryogenically  cooled,  and  Kemp  and  Huppi  [1980] 
have  reported  on  its  use  in  a  rocket-borne  application.  It 
has  also  been  used  in  a  reduced  temperature  La.i  loon-borne 
application  by  Huppi  et  al.  [1979].  The  interferometer  design 
is  patterned  after  one  which  was  initially  developed  by  John 
Rex  of  AFGL.  A  parallelogram  arrangement  with  pivots  at  the 
corners  is  used  to  translate  a  movable  end  mirror  in  a 
standard  Michelson  modulator  arrangement.  Figure  6  is  a 
detailed  drawing  of  the  drive  mechanism.  The  pivot  points 
and  three  sides  of  the  parallelogram  structure  are  shown. 

The  fourth  side  is  formed  by  a  portion  of  the  cube  structure 
which  locates  and  fastens  the  two  upper  sets  of  pivots. 
Friction-free  flex  pivots  made  by  Bendix,  Inc.,  are  used 
to  allow  rotation  at  the  pivot  points.  A  torque  motor  is 
used  to  change  the  angles  formed  at  the  corners  of  the 
parallelogram.  Almost  constant  mirror  velocity  is  maintained 
by  using  velocity  and  position  feedback  obtained  from  a 
tachometer  and  differential  transformer.  Parallel  translation 
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TACHOMETER  (VELOCITY  FEEDBACK) 


Figure  6.  Detailed  pictorial  drawing  of  flex-pivot  interferometer  drive 


of  the  mirror  surface  results  as  long  as  the  opposite  sides  of 
the  parallelogram  are  kept  equal  in  length.  The  lengths  remain 
equal  if  they  are  made  from  the  same  type  of  aluminum  and  if 
they  are  uniformly  cooled.  Typically,  the  mirror  surface  varies 
less  than  1  arc  sec  over  a  .55  cm  translation  distance  which 
is  obtainable  with  the  small  cube  and  drive  assembly.  The 
overall  physical  size  is  approximately  4  in.x  4  in.  x  7  in. 

Either  conductive  cr  convective  cooling  techniques  can 
be  used  to  cool  the  interferometer.  A  dewar  arrangement  that 
has  been  developed  for  rocket-borne  use  and  provides  convective 
coding  is  shown  diagrammatically  in  Figure  7  and  pictorially 
in  Figure  3.  As  shown,  the  interferometer  is  conductively 
bolted  to  a  cold  finger  and  placed  in  a  sealed  chamber  which 
has  been  evacuated  and  back-filled  to  one  third  of  an  atmos¬ 
phere  with  N2  gas.  This  chamber  and  the  eryogen  chamber  are 
thermally  isolated  from  the  outer  shell  by  a  vacuum  envelope 
and  many  layers  of  super  insulation.  Very  uniform  cooling  of 
the  interferometer  parts  is  accomplished  through  the  use  of 
this  technique,  and  excellent  performance  has  been  obtained. 
However,  the  sealed  chamber  and  the  sealed  window  which  are 
used  in  the  technique  complicate  the  dewar  design  and  limit  the 
useable  spectral  range  to  the  transmission  region  of  the  window. 
Therefore,  a  conductive  cooling  approach  is  sometimes  more 
desirable.  The  flex-pivot  interferometer  can  be  cooled 
conductively  by  adding  copper  straps  to  the  rear  portion  of  the 
parallelogram  drive  mechanism  as  shown  in  Figure  9.  The  main 
structure  of  the  cube  must  then  be  bolted  to  a  cold  finger  in 
a  dewar  as  before. 

Both  cooling  techniques  provide  an  excellent  mechanism  for 

achieving  improved  sensitivity,  reduced  background  self-radiation 

emissions,  and  stable  optical  alignment  characteristics.  NESR's 

-11  2  -1 

in  the  range  of  10  W/cm  sr  cm  have  been  obtained  in  a 
1.6  second  time  interval  at  2  cm  *  spectral  resolution  with  a 
flex-pivot  instrument  operating  at  77°K  incorporating  an  InSb 
detector . 
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Pictorial  view  of  interferometer 
dewar  with  convective  cooling  chamber 


t lex-pivot  interferometer  with 
conductive  cooling  straps. 


Interferometer  Incorporating  Ball  Bearing  Slide  Mechanism 


Another  Michelson  interferometer  system  which  has  been 
successfully  used  in  a  rocket-borne  upper  atmospheric  measure¬ 
ment  application  is  shown  in  Figure  10.  The  instrument  was 
developed  for  AFGL  cooperatively  by  Idealab  and  Honeywell 
Radiation  Center,  and  its  characteristics  have  been  reported 
by  Bohne ,  et  al.  [1975].  The  instrument  is  cooled  by  conduction 
to  approximately  10°K  with  a  super  critical  liquid  helium  system. 
The  interferometer  base  is  mounted  to  the  helium  storage  chamber 
at  only  one  point  in  the  right-hand  portion  cf  the  dewar  as 
shown  in  Figure  10.  The  various  parts  of  the  instrument  are 
cooled  and  thermally  stabilized  with  conductive  copper  straps. 

The  slide  mechanism  consists  of  a  ball  bearing  and  V  groove 
arrangement  made  from  A-2  steel  as  is  the  entire  interferometer 
structure.  One  mirror  surface  of  the  standard  plane  mirror 
Michelson  interferometer  arrangement  can  be  translated  a 
maximum  distance  of  1.1  cm,  and  the  total  angular  variation  of 
its  surface  is  about  5  arc  seconds  throughout  the  translation. 

The  instrument  uses  an  Si: As  detector  to  cover  the  4  to  20  Mm 

-11  2  -l 

spectral  range.  NESR ' s  in  the  range  of  1  x  10  W/cm  sr  cm 

have  been  obtained  at  2  cm  ^  resolutions  in  a  0.5  second 
measurement  time. 

Field-Widened  Interferometer  Incorporating 
Gas-Lubricated  Slide  System 

A  group  of  very  sensitive  cryogenica lly  cooled  interferometer- 
spectrometers  having  a  large  collecting  area  and  a  wide  field 
of  view  have  been  developed  by  Utah  State  University.  The 
optical  design  used  in  the  instruments  was  first  proposed  by 
Bouchareine  and  Connes  [1963]  and  the  implementation  of  the 
design  into  practical,  cryogenica 1 ly  coolable  instruments  has 
been  described  by  Steed  [1979].  The  technique  uses  prisms  as 
end  mirrors  to  accomplish  field-compensation  or  field-widening. 
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Figure  10.  Conductively  cooled  Michelson  interferometer 

and  dewar  system  (courtesy  of  Honeywell  Radiation 
Center,  Lexington,  Mass.). 
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The  optical  path  difference  between  the  two  paths  of  the 
interferometer  is  changed  by  translating  a  wedge  to  vary  the 
thickness  of  the  optical  material  in  one  arm.  An  optical 
layout  of  the  system  is  shown  in  Figure  11.  The  instrument 
uses  an  electromagnetically  driven  gas-lubricated  slide 
assembly  to  translate  the  movable  wedge.  This  slide  assembly 
is  the  most  critical  mechanical  component  in  the  interferometer 
since  very  precise  translation  of  the  wedge  and  mirror  is 
needed.  A  drawing  of  the  slide  assembly  is  shown  in  Figure  12, 
the  pictorial  views  of  actual  slides  developed  for  ground 
operation  and  rocket-borne  use  are  shown  in  Figure  13.  The 
movable  portion  of  the  slide  has  a  trapezoidal  cross  section 
and  fits  precisely  between  three  gas-lubricated  bearing  surfaces. 
The  slide  can  move  a  total  distance  of  5  cm  and  maintain  less 
than  0.1  arc  seconds  of  tilt.  Cold  gaseous  N2  or  He  is  used 
for  the  bearing  lubricant.  The  gas  lubricant  is  obtained  from 
a  liquid  reservoir  which  is  heated  to  produce  the  cold  gas. 

The  cold  gas  supplied  to  the  bearing  also  convectively  cools 
the  instrument,  since  it  flows  into  a  chamber  containing  the 
instrument  after  it  escapes  from  the  bearing.  As  the  pressure 
builds  up  in  the  cold  chamber,  the  cold  gas  is  released  around 
an  optical  viewing  window  in  the  chamber.  If  N2  gas  is  used, 
the  window  is  kept  frost  free  by  the  cold  n2  gas  which  escapes 
around  the  window.  This  is  accomplished  by  placing  a  baffle 
around  the  window  so  that  the  cold  gas,  which  is  heavier  than 
the  ambient  air,  will  collect  on  top  of  the  window  and  prevent 
the  moist  air  from  making  contact  with  it.  A  pictorial  view  of 
a  ground-based  field-widened  interferometer  system  which  incor¬ 
porates  these  cooling  techniques  is  shown  in  Figure  14. 

A  sample  of  some  data  collected  with  the  ground-based 
interferometer-spectrometer  is  shown  in  Figure  15.  It  consists 
of  a  night  sky  emission  spectrum  of  upper  atmospheric  hydroxyl 
emissions.  The  instrument  incorporated  a  liquid  nitrogen  cooled 
optical  system  and  a  liquid  helium  cooled  bismuth  doped  silicon 
detector  to  obtain  a  very  high  sensitivity.  As  shown  in  the 
data,  the  noise  level  of  the  instrument  is  extremely  small. 
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CRYOGENJCALLY  COOLED 
FIELD-WIDENED  INTERFEROMETER 
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Figure  11.  Cryogenically  cooled  field- 
widened  interferometer. 


GAS-LUBR I CATF.D  SLIDE  ACSEMBLY 
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Figure  12.  Gas-lubricated  slide  assembly, 


Figure  13a.  Cryogenically  coolable  gas 
lubricated  slide  developed 
for  ground-based  use. 


Figure  13b.  Cryogenically  coolable  gas- 
lubricated  slide  developed 
for  rocket-borne  use. 
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Figure  14.  Ground-based  field-widened  interferometer 
system. 


21 


and  excellent  signal-to-noise  measurements  were  obtained  of 
the  weak  hydroxyl  emissions  over  the  10-minute  measurement  time. 

Figure  16  shows  an  example  of  some  data  taken  with  a 

cryogenically  cooled  rocket-borne  field-widened  interferometer 

viewing  the  night  sky  at  74.2  degrees  elevation  from  an  altitude 

of  97.03  km.  The  spectrum  consists  of  very  weak  nitric  oxide 

and  carbon  dioxide  emitters  which  apparently  are  still  p~  sent 

at  the  measurement  altitude.  The  emissions  in  the  spectrum 

probably  come  from  small  amounts  of  water  which  were  outgased 

from  the  payload.  The  NESR  of  the  cryogenically  cooled 

interferometer-spectrometer  which  measured  the  spectrum  was 

-13  2  -1 

less  than  2  x  10  W/cm  sr  cm  at  5  ym  for  a  1.5  second 
measurement  time  and  a  spectral  resolution  of  2  cm  .  The 
optics  and  instrument  structures  were  cooled  with  liquid  N^, 
and  the  extrinsic  silicon  detector  was  cooled  with  liquid  He. 

The  excellent  sensitivity  obtained  with  the  spectrometer  is 
orders  of  magnitude  better  than  any  known  uncooled  spectrometer 
that  has  been  developed  for  the  same  spectral  region,  and  thus, 
the  major  advantage  of  cryogenic  cooling  is  very  apparent. 

CONCLUSIONS 

Cooling  an  FT-IR  interferometer-spectrometer  can  substan¬ 
tially  improve  its  sensitivity,  reduce  or  eliminate  its  unwanted 
background  signals  from  self-emissions,  and  stabilize  its 
optical  alignment.  The  improvements  in  performance  increase  the 
capability  of  a  spectrometer  to  spectrally  measure  weak  infrared 
sources  which  otherwise  could  not  be  measured.  Although  the 
advantages  of  cryogenic  cooling  can  be  significant,  several 
undesirable  characteristics  can  occur  which  limit  the  improve¬ 
ments.  Since  some  of  these  limitations  are  source  dependent,  it 
is  necessary  to  understand  the  limiting  characteristics  before 
attempting  to  develop  a  cryogenically  cooled  spectrometer  for 
a  specific  application. 
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AF  Geophysics  Laboratory,  AFSC 
Hanscom  AFB,  MA  01731 
Attn:  OPR  J.  Kennealy 

AF  Geophysics  Laboratory,  AFSC 
Hanscom  AFB,  MA  01731 
Attn:  PHG  J.C.  McClay 

AF  Geophysics  Laboratory,  AFSC 
Hanscom  AFB,  MA  01731 
Attn:  LKD  Rosco  Narcisi 

AF  Geophysics  Laboratory,  AFSC 
Hanscom  AFB,  MA  01731 
Attn:  LKO  R.  Huffman 


SAMSO/AW 
P.0.  Box  92960 
Worldway  Postal  Center 
Los  Angeles,  CA  90009 
Attn:  SZJ  Major  L.  Doan 

SAMSO/SW 
P.0.  Box  92960 
Worldway  Postal  Center 
Los  Angeles,  CA  90009 
Attn :  AW 

AFTAC 

Patric  AFB,  FL  32925 
Attn:  Tech  Library 

AFTAC 

Patric  AFB,  FL  32925 
Attn:  TD 

HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20331 
Attn :  DLS 

HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20331 
Attn:  Tech  Library 

HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20331 
Attn:  OLCAE 

HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20331 
Attn :  DLTW 
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HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20331 
Attn:  DLXP 

HQ  Air  Force  Systems  Command 
Andrews  AFB 
Washington,  DC  20331 
Attn:  SDR 

HQ  USAF/RD 
Washington,  DC  20330 
Attn:  RDQ 

Commander 

Rome  Air  Development  Center 
Griffiss  AFB,  NY  13440 
Attn:  J.J.  Simons  OCSC 

Div.  of  Military  Application 
US  Energy  Rsch  §  Dev  Admin 
Washington,  DC  20545 
Attn:  DOC  CON 

Los  Alamos  Scientific  Lab 

P.O.  Box  1663 

Los  Alamos,  NM  87545 

Attn:  DOC  CON  R.A.  Jeffries 

Los  Alamos  Scientific  Lab 

P.O.  Box  1663 

Los  Alamos,  NM  87545 

Attn:  DOC  CON  CR  Mehl  ORG  5230 

Los  Alamos  Scientific  Lab 
P.O.  Box  1663 
Los  Alamos,  NM  87545 
Attn:  DOC  CON  H.V.  Argo 

Los  Alamos  Scientific  Lab 

P.O.  Box  1663 

Los  Alamos,  NM  87545 

Attn:  DOC  CON  M.  Tierney  J-10 

Los  Alamos  Scientific  Lab 

P.O.  Box  1663 

Los  Alamos,  NM  87545 

Attn:  DOC  CON  Robert  Brownlee 


Los  Alamrs  Scientific  Lab 
P.O.  Box  1663 
Los  Alamos,  NM  87S45 
Attn:  DOC  CON  Wn  Maier 

Los  Alamos  Scientific  Lab 
P.O.  Box  1663 
Los  Alamos,  NM  87545 
Attn:  DOC  CON  John  Zinn 

Los  Alamos  Scientific  Lab 

P.O.  Box  1663 

Los  Alamos,  NM  87545 

Attn:  DOC  CON  Reference  Lib. 

Ann  Beyer 

Sandia  Laboratories 

Livermore  Laboratory 

P.O.  Box  965 

Livermore,  CA  94556 

Attn:  DOC  CON  T.  Cook  ORG 

8007 

Sandia  Laboratories 
P.O.  Box  5800 
Alburquerque ,  NM  87115 
Attn :  DOC  CON 
W.D.  Brown  ORG  1353 

Sandia  Laboratories 
P.O.  Box  5800 
Albuquerque,  NM  87115 
Attn:  DOC  CON 
L.  Anderson  ORG  1247 

Sandia  Laboratories 
P.O.  Box  5800 
Albuquerque,  NM  87115 
Attn:  DOC  CON 
Morgan  Kramma  ORG  5720 

Sandia  Laboratories 
P.O.  Box  5800 
Albuquerque,  NM  87115 
Attn:  DOC  CON 
Frank  Hudson  ORG  1722 
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Sandia  Laboratories 
P.0.  Box  5800 
Albuquerque,  NM  87115 
Attn:  DOC  CON  ORG  3422 
Sandia  Repts  Coll. 

Argonne  National  Laboratory 

Records  Control 

9700  South  Cass  Avenue 

Argonne,  IL  60439 

Attn:  DOC  CON  D.  W.  Green 

Argonne  National  Laboratory 

Records  Control 

9700  South  Cass  Avenue 

Argonne,  IL  60439 

Attn:  DOC  CON 

LIR  SVCS  RPTS  SEC 

Argonne  National  Laboratory 

Records  Control 

9700  South  Cass  Avenue 

Argonne,  IL  60439 

Attn:  DOC  CON  S.  Garelnick 

Argonne  National  Laboratory 

Records  Control 

9700  South  Cass  Avenue 

Argonne,  IL  60439 

Attn:  DOC  CON  G.T.  Reedy 

University  of  California 
Lawrence  Livermore  Laboratory 
P.O.  Box  808 
Livermore,  CA  94550 
Attn:  W.H.  Duewer  Gen  L-404 

University  of  California 
Lawrence  Livermore  Laboratory 
P.O.  Box  808 
Livermore,  CA  94550 
Attn:  Julius  Chang  L-71 

University  of  California 
Lawrence  Livermore  Laboratory 
P.O.  Box  808 
Livermore,  CA  94550 
Attn:  G.P.  Haugen  L-404 


University  of  California 
Lawrence  Livermore  Laboratory 
P.O.  Box  808 
Livermore,  CA  94550 
Attn:  D.J.  Wuerales  L-142 

California,  State  of 
Air  Resource  Board 
9528  Telsia  Avenue 
A1  Monte,  CA  91731 
Attn:  Leo  Zafonte 

Calif.  Institute  of  Technology 
Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 
Attn:  Joseph  A.  Jello 

US  Energy  Rsch  6  Dev  Admin 
Div.  of  Headquarters  Services 
Library  Branch  G-043 
Washington,  DC  20545 
Attn:  DOC  CON  Class  Tech  Lib 

Department  of  Transportation 
Office  of  the  Secretary 
TAD-44.  1,  Room  10402- B 
400  7th  Street  S.W. 

Washington,  DC  20590 
Attn:  Samuel  C.  Coroniti 

NASA 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
Attn:  A.  C.  Aiken 

NASA 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
Attn:  A.  Tempkin 

NASA 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
Attn:  A.  J.  Bauer 

NASA 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
Attn:  Technical  Library 
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NASA 

Goddard  Space  Flight  Center 
Greenbelt,  MD  20771 
Attn:  J.  Siry 

NASA 

600  Independence  Avenue  S.W. 
Washington,  DC  20S4S 
Attn:  A.  Gessow 

NASA 

600  Independence  Avenue  S.W. 
Washington,  DC  20546 
Attn:  D.P.  Cauffman 

NASA 

600  Independence  Avenue  S.W. 
Washington,  DC  20546 
Attn:  Lt  Col  D.R.  Hallenbeck 
Code  SG 

NASA 

600  Independence  Avenue  S.W. 
Washington,  DC  20545 
Attn:  R.  Fellows 

NASA 

600  Independence  Avenue  S.W. 
Washington,  DC  20546 
Attn:  A.  Schardt 

NASA 

600  Independence  Avenue  S.W. 
Washington,  DC  20546 
Attn:  M.  Tepper 

NASA 

Langley  Research  Center 

Langley  Station 

Hampton,  VA  23365 

Attn:  C.  Schexnayder  MS-168 

NASA 

Ames  Research  Center 
Moffett  Field,  CA  90435 
Attn:  N-25404  W.  L.  Starr 

NASA 

Ames  Research  Center 
Moffett  Field,  CA  94035 
Attn:  N-254-4  R.  Whitten 


NASA 

Ames  Research  Center 
Moffett  Field,  CA  94035 
Attn:  N-254-4  I.G.  Poppoff 

NASA 

Ames  Research  Center 
Moffett  Field,  CA  94035 
Attn:  N-254-3  N.H.  Farlow 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  C.  R.  Balcher 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  N.  H.  Stone 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  W.  A.  Oran 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  Code  ES22  John  Watts 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  W.  T.  Roberts 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  R.  D.  Hudson 

NASA 

George  C.  Marshall  Space  Fit. 
Center 

Huntsville,  AL  35812 
Attn:  R.  Chappell 


Albany  Metallurgy  Research  Ctr. 

US  Bureau  of  Mines 

P.0.  Box  70 

Albany,  OR  97321 

Attn:  Eleanor  Abshire 

Central  Intelligence  Agency 
RD/SI  RM  SG48  HQ  Building 
Washington,  DC  2050S 
Attn:  NED/0SI-2G48  HQS 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  James  Devoe 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  S.  Abramowitz 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  J  Cooper 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  G.A.  Sinnatt 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  K  Kessler 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  M.  Krauss 

Department  of  Commerce 
National  Bureau  of  Standards 
Washington,  DC  20234 
Attn:  Sec  Officer  L.  Gevantman 


Nat’l  Oceanic  8  Atmospheric 
Administration 
Environmental  Research  Lab 
Department  of  'Commerce 
Boulder,  CO  80302 
Attn:  George  C.  Reid 
Aeronomy  Lab 

Nat'l  Oceanic  8  Atmospheric 
Administration 
Environmental  Research  Lab 
Department  of  Commerce 
Boulder,  CO  80302 
Attn:  Eldon  Ferguson 

Nat’l  Oceanic  8  Atmospheric 
Administration 
Environmental  Research  Lab 
Department  of  Commerce 
Boulder,  CO  80302 
Attn:  Fred  Fehsenfeld 

Aero-Chem  Resch  Lab,  Inc. 
P.0.  Box  12 
Princeton,  NJ  08540 
Attn:  A.  Fontijn 

Aero-Chem  Resch  Lab,  Inc. 
P.O.  Box  12 
Princeton,  NJ  08540 
Attn:  H.  Pergament 

Aerodyne  Research,  Inc. 
Bedford  Research  Park 
Crosbv  Drive 
Bedford,  MA  01730 
Attn:  F.  Bien 

Aerodyne  Research,  Inc. 
Bedford  Research  Park 
Crosby  Drive 
Bedford,  MA  01730 
Attn:  M.  Camac 

Aeronomy  Corporation 
217  S.  Neil  Street 
Champaign,  IL  61828 
Attn:  A.  Bowhill 


Aerospace  Corporation 
P.0.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  N.  Cohen 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  Harris  Mayer 

Aerospace  Corporation 
P.O.  Box  92957 
I.os  Angeles,  CA  90009 
Attn:  Sidney  W.  Kash 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  T.  Widhoph 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  R.  J.  McNeal 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  R.  Grove 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  Irving  M.  Garfunkel 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  Thomas  D.  Taylor 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  V.  Josephson 

Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  Julian  Reinheimer 


Aerospace  Corporation 
P.O.  Box  92957 
Los  Angeles,  CA  90009 
Attn:  R.  D.  Rawcliffe 

Avco-Everett  Research  Lab,  Inc 
2385  Revere  Beach  Parkway 
Everett,  MA  02149 
Attn:  Technical  Library 

Avco-Everett  Research  Lab,  Inc 
2385  Revere  Beach  Parkway 
Everett,  MA  02149 
Attn:  George  Sutton 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  OH  43201 
Attn:  Donald  J.  Hanunan 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  OH  43201 
Attn:  Donald  J.  Ham 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  OH  43201 
Attn:  STOIAC 

Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  OH  43201 
Attn:  Richard  K.  Thatcher 

Brown  Engineering  Co.,  Inc. 
Cummings  Research  Park 
Huntsville,  AL  35807 
Attn:  N.  Passino 

The  Trustees  of  Boston  College 
Chestnut  Hill  Campus 
Chestnut  Hill,  MA  02167 
Attn:  Chairman  Dept,  of  Chem. 

Brown  Engineering  Co.,  Inc. 
Cummings  Research  Park 
Huntsville,  AL  35807 
Attn:  Ronald  Patrick 
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California  at  Riverside,  Univ. 
Riverside,  CA  92502 
Attn:  Alan  C.  Lloyd 

California  at  Riverside,  Univ. 

Riverside,  CA  92502 

Attn:  James  N.  Pitts,  Jr. 

California  at  San  Diego,  Univ. 
3175  Miramar  Road 
La  Jolla,  CA  92037 
Attn:  S.  C.  Lin 

California  University  of 
Berkeley  Campus  Room  318 
Sproul  Hall 
Berkeley,  CA  94720 
Attn:  Sec  Officer  for 
Harold  Johnston 

California  University  of 

Berkeley  Campus  Room  318 

Sproul  Hall 

Berkeley,  CA  94720 

Attn:  Sec  Officer  for  F.  Mozer 

California  University  of 

Berkeley  Campus  Room  318 

Sproul  Hall 

Berkeley,  CA  94720 

Attn:  Sec  Officer  for  Dept  of 

Chem.  W.  R.  Miller 

California,  State  of 
Air  Resources  Board 
9528  Telstar  Avenue 
El  Monte,  CA  91731 
Attn:  Leo  Zafonte 

Calspan  Corporation 
P.O.  Box  235 
Buffalo,  NY  14221 
Attn:  C.  E.  Treanor 

Calspan  Corporation 
P.O.  Box  235 
Buffalo,  NY  14221 
Attn:  G.  C.  Valley 


Calspan  Corporation 
P.O.  Box  2  35 
Buffalo,  NY  14221 
Attn:  M.  G.  Dunn 
of 

Calspan  Corporation 
P.O.  Box  235 
Buffalo,  NY  14221 
of  Attn:  W.  Wurster 

Colorado,  University  of 
Office  of  Contracts  8  Grants 
380  Administrative  Annex 
Boulder,  CO  80302 
Attn:  A.  Phelps  JILA 

Colorado,  University  of 
Office  of  Contracts  §  Grants 
380  Administrative  Annex 
Boulder,  CO  80302 
Attn:  Jeffrey  B.  Pearce  LASP 

Colorado,  University  of 
Office  of  Contracts  8  Grants 
380  Administrative  Annex 
Boulder,  CO  803032 
Attn:  C.  Beaty  JILA 

Colorado,  University  of 
Office  of  Contracts  8  Grants 
380  Administrative  Annex 
Boulder,  CO  80302 
Attn:  C.  LinebergeT  JILA 

Colorado,  University  of 
Office  of  Contracts  8  Grants 
380  Administrative  Annex 
Boulder,  CO  80302 
Attn:  C.  A.  Barth  LASP 

Columbia  University,  Trustees 
City  of  New  York 
La  Mont  Doherty  Geological 
Observatory-Torrey  Cliff 
Palisades,  NY  19064 
Attn:  B.  Phelan 
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Columbia  University,  Trustees 
City  of  New  York 
116th  Street  $  Broadway 
New  York,  NY  10027 
Attn:  Richard  N.  Zare 

Columbia  University,  Trustees 

City  of  New  York 

116th  $  Broadway 

New  York,  NY  10027 

Attn:  Sec  Officer  H.M.  Foley 

Concord  Sciences 
P.0.  Box  113 
Concord,  MA  01742 
Attn:  Emmett  A.  Sutton 

Denver,  University  of 

Colorado  Seminary 

Denver  Research  Institute 

P.0.  Box  10127 

Denver,  CO  80210 

Attn:  Sec.  Officer  for  Van  Zyl 

Denver,  University  of 
Colorado  Seminary 
Denver  Research  Institute 
P.O.  Box  10127 
Denver,  CO  80210 

Attn:  Sec  Officer  for  D.  Murcray 

General  Electric  Company 
Tempo-Center  for  Advanced  Studies 
816  State  Street  (P.O.  Drawer  QO) 
Santa  Barbara,  CA  93102 
Attn:  DASAIC 

General  Electric  Company 
Tempo-Center  for  Advanced  Studies 
816  State  Street  (PO  Drawer  QO) 
Santa  Barbara,  CA  93102 
Attn:  Warren  S.  Knapp 

General  Electric  Company 
Tempo-Center  for  Advanced  Studies 
816  State  Street  (PO  Drawer  QO) 
Santa  Barbara,  CA  93102 
Attn:  Tim  Stephens 


General  Electric  Company 
Tempo-Center  for  Advanced  St. 
816  State  St.  (PO  Drawer  QO) 
Santa  Barbara,  CA  93102 
Attn:  Don  Chandler 

General  Electric  Company 
Tempo-Center  for  Advanced  St. 
816  State  St.  (PO  Drawer  QO) 
Santa  Barbara,  CA  93102 
Attn:  B.  Cambill 

General  Elec.  Co.  Space  Div. 
Valley  Forge  Space  Center 
Goddard  Blvd. 

King  of  Prussia 
P.O.  Box  8555 
Philadelphia,  PA  19101 
Attn:  M.  H.  Bortner 
Space  Science  Lab 

General  Elec.  Co.  Space  Div. 
Valley  Forge  Space  Center 
Goddard  Blvd. King  of  Prussia 
P.O.  Box  8555 
Philadelphia,  PA  19101 
Attn:  J.  Burns 

General  Elec.  Co.  Space  Div. 
Valley  Forge  Space  Center 
Goddard  Blvd. King  of  Prussia 
P.O.  Box  8555 
Philadelphia,  PA  19101 
Attn:  F.  Alyea 

General  Elec.  Co.  Space  Div. 
Valley  Forge  Space  Center 
Goddard  Blvd. King  of  Prussia 
P.O.  Box  8555 
Philadelphia,  PA  19101 
Attn:  P.  Z.  Sands 

General  Elec.  Co.  Space  Div. 
Valley  Forge  Space  Center 
Goddard  Blvd. King  of  Prussia 
P.O.  Box  8555 
Philadelphia,  PA  19101 
Attn:  R.  H.  Edsall 
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General  Elec.  Co.  Space  Dlv. 
Valley  Forge  Space  Center 
Goddard  Blvd.King  of  Prussia 
P.0.  Box  8SSS 
Philadelphia,  PA  19101 
Attn:  T.  Baurer 

General  Research  Corporation 
P.0.  Box  3587 
Santa  Barbara,  CA  95105 
Attn:  John  Ise,  Jr. 

Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
Attn:  D.  Henderson 

Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
Attn:  J.  S.  Wagner  Physics  Dept 

Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
Attn:  B.  J.  Watkins 

Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
Attn:  T.  N.  Davis 

Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
Attn:  R.  Parthasarathy 

Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 
Attn:  Neal  Brown 

Lowell,  University  of 

Center  for  Atmospheric  Research 

450  Aiken  Street 

Lowell,  MA  01854 

Attn:  G.  T.  Best 


Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  John  Kumer  Dept  52-54 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  John  Cladis  Dept  52-12 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  P.  McCormac  Dept  52-54 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  T.  James  Dept  52-54 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  B.  Reagan  Dept  52-12 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  M.  Walt  Dept  52-10 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  R.  Johnson  Dept  52 -1Z 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  R.  Sears  Dept  52-14 

Lockheed  Missiles  8  Space  Co. 
3251  Hanover  Street 
Palo  Alto,  CA  94304 
Attn:  J-  R.  Winkler 

Institute  for  Defense  Analyse 
400  Army-Navy  Drive 
Arlington,  VA  22202 
Attn:  Ernest  Bauer 


Institute  for  Defense  Analyse 
400  Array -Navy  Drive 
Arlington,  VA  22202 
Attn:  Hans  Wo If hard 

Mission  Research  Corporation 
735  State  Street 
Santa  Barbara,  CA  93101 
Attn:  D.  Archer 

Mission  Research  Corporation 
735  State  Street 
Santa  Barbara,  CA  93101 
Attn:  D.  Fischer 

Mission  Research  Corporation 
735  State  Street 
Santa  Barbara,  CA  93101 
Attn:  M.  Scheibe 

Mission  Research  Corporation 
735  State  Street 
Santa  Barbara,  CA  93101 
Attn:  D.  Sappenfield 

Mission  Research  Corporation 
735  State  Street 
Santa  Barbara,  CA  93101 
Attn:  D.  Sowle 

Photometries,  Inc. 

442  Marrett  Road 
Lexington,  MA  02173 
Attn:  Irving  L.  Kofsky 

Physical  Dynamics,  Inc. 
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